1. Introduction {#s0005}
===============

Adipose triglyceride lipase (ATGL, EC 3.1.1.3) deficiency is caused by mutations in ATGL gene, also called *PNPLA2* [@bb0005], [@bb0010], [@bb0015]. It presents profound lipid accumulation mainly in skeletal and cardiac muscles, manifesting neutral lipid storage disease with myopathy (NLSD-M)/triglyceride deposit cardiomyovasculopathy (TGCV) [@bb0015], [@bb0020], [@bb0025], [@bb0030], [@bb0035]. Only up to 40 patients have been reported globally [@bb0015], [@bb0020], [@bb0025], [@bb0030], [@bb0035], [@bb0040], [@bb0045], [@bb0050], [@bb0055], [@bb0060], [@bb0065]. Most of the reported cases were diagnosed in adulthood except for one case each in childhood and adolescence [@bb0060], [@bb0065]. In adulthood, the myopathy and cardiomyopathy can be severe and rapidly progressive, and refractory to various therapies. Affected patients with ATGL deficiency exclusively exhibit persistent lipid droplets in the cytoplasm of circulatory neutrophils known as Jordans\' anomaly ([Fig. 1](#f0005){ref-type="fig"}A) [@bb0015], [@bb0020], [@bb0025], [@bb0030], [@bb0035], [@bb0040], [@bb0045], [@bb0050], [@bb0055], [@bb0060], [@bb0065]. In earlier life, clinical symptoms seem to be absent or minimal in most cases, however Jordans\' anomaly has been documented in subclinical or preclinical adolescents with ATGL deficiency [@bb0060], [@bb0065]. Blood smear examination with May-Giemsa staining has been used for the detection of vacuoles in leucocytes. This report concerns a simple, easy and feasible laboratory test using a routine automated hematological analyzer that detects leukocyte abnormalities in patients with myopathy or cardiomyovasculopathy and possibly leads to a diagnosis of homozygous ATGL deficiency.

2. Methods {#s0010}
==========

2.1. Subjects and specimens {#s0015}
---------------------------

Four homozygous ATGL-deficient patients (3 males and 1 female, 45--60 years of age) ([Table 1](#t0005){ref-type="table"}) and nine heterozygous family members (4 males and 5 females, 17--83 years), lacking ATGL deficiency-associated symptoms, were enrolled. The diagnosis of ATGL deficiency was based on gene analyses together with clinical manifestations of myopathy, including easy fatigability, reduced exercise capability and limb weakness, and cardiomyopathy. Forty-three healthy subjects (14 males and 29 females, 32--84 years) lacking the mutations in ATGL gene and having no abnormality under the physical examination were also enrolled as controls. The peripheral blood specimens were collected with EDTA. Written informed consent was obtained from the enrolled subjects before study initiation.

2.2. Sample analysis {#s0020}
--------------------

Blood specimens were analyzed by the XE-5000 automated hematology analyzer (Sysmex, Kobe, Japan) and investigated all the parameters including WBC/BASO channel of the XE-5000 to screen for Jordans\' anomaly. In the WBC/BASO channel, its hemolyzing reagent, Stromatolyzer FB (Sysmex), lyses plasma membranes of cells other than basophils in the specimen and, as a result, the cytosolic components of non-basophils are released from the cells. Lipid droplets released from ATGL-deficient leukocytes which retain their shape in aqueous environment due to their own lipid monolayer membranes can be detected as smaller particles [@bb0070]. Thus, in the WBC/BASO scattergram, almost intact basophils, nucleus of non-basophil leukocytes, and relatively large cytosolic components including lipid droplets or debris are detected as particles ([Fig. 1](#f0005){ref-type="fig"}B). Parameters named BASO-WX and BASO-WY, which stand for the spread of particle distribution in side and forward scattered light, respectively, are calculated in the WBC/BASO channel.

2.3. Statistical analysis {#s0025}
-------------------------

An analysis of Welch\'s *t*-test was performed to compare differences in BASO-WX and BASO-WY values between homozygous and heterozygous or controls. p \< 0.05 was set to be statistically significant.

3. Results and discussion {#s0030}
=========================

After confirming that all the specimens from the four ATGL-deficient patients had Jordans\' anomaly by examining their blood smears stained with May-Giemsa ([Fig. 1](#f0005){ref-type="fig"}A), we investigated all the parameters of the XE-5000 automated hematology analyzer to find any change corresponding to Jordans\' anomaly. The WBC/BASO scattergram revealed an increased number of small particles in the homozygous patients, typically shown as the blue dots in [Fig. 1](#f0005){ref-type="fig"}B (white arrow in the right panel). Such change was not observed in the controls ([Fig. 1](#f0005){ref-type="fig"}B left) and in the heterozygote carriers (data not shown). The observed small particles are supposed to be the lipid droplets released from the patients\' leukocytes, because lipid droplets can be expected to retain their spherical forms with neutral lipid core and phospholipid monolayer surface in this aqueous environment [@bb0070]. The BASO-WX and BASO-WY values obtained from the WBC/BASO channel of XE-5000 were significantly higher in the ATGL-deficient patients than those in the non-affected heterozygotes and the controls ([Fig. 1](#f0005){ref-type="fig"}C): 251.8 ± 100/132.0 ± 7.7 (BASO-WX/BASO-WY, mean ± SD) for the ATGL-deficient patients, 80.2 ± 3.8/74.8 ± 8.2 for the heterozygous carriers, and 80.4 ± 5.5/70.3 ± 8.2 for the controls.

We, therefore, anticipate that detection of the leucocyte abnormality in a routine automated hematological analysis may be a first step toward the diagnosis of homozygous ATGL deficiency. We further suggest that detected positive subjects should undergo more detailed analyses, including ATGL gene analyses, to establish the diagnosis in the clinical practice.

In homozygous ATGL deficiency, once the clinical presentations of myopathy and cardiomyopathy occur, it has been difficult so far to regress or resolve symptoms through any conventional treatments [@bb0015], [@bb0020], [@bb0025], [@bb0030], [@bb0035], [@bb0040], [@bb0045], [@bb0050], [@bb0055], [@bb0060]. We reported two patients with severe cardiomyovasculopathy and heart failure requiring cardiac transplantation [@bb0030], [@bb0040]. We recently provided data indicating that up-regulation of peroxisome proliferated activated receptor-γ and the related genes may promote triglyceride accumulation in the skeletal and cardiac muscles in ATGL deficiency [@bb0040]. We believe that the development of an easy method to detect cellular triglyceride accumulation is desired. It is quite likely that the change in the leukocyte emerges before the development of myopathy or cardiomyovasculopathy, as it does in other congenital lipid storage diseases such as Gaucher\'s and Niemann--Pick disease, which show distinct lipid storage in circulatory and bone marrow macrophages [@bb0075].

In our settings, heterozygous carriers could not be differentiated from control subjects, even though Jordans\' anomaly has been reported in some heterozygous ATGL deficiency [@bb0080]. We speculate that one of the reasons for this may be that heterozygous leukocytes may have enough ATGL enzymatic activity to reduce the number and/or size of intracellular lipid droplets, so that BASO-WX and BASO-WY parameters were not different between heterozygous and control subjects.

It has been known that Jordans\' anomaly in leukocytes is present not only in ATGL deficiency but also in Chanarin--Dorfman syndrome also called NLSD with ichthyosis, which is caused by deficiency of the protein CGI-58, an activator of the ATGL enzyme [@bb0085], [@bb0090]. Further, in carnitine palmitoyltransferase deficiency type 1, a fatty acid beta-oxidation disorder engendering hypoglycemia and acidosis, this anomaly can sometimes be found in blood smears [@bb0095]. It would be of interest to know whether the present system can detect leucocyte abnormalities in these disorders, even we did not have the chance to test the possibility because of the disease rarity.

The sensitivity and specificity of BASO-WX and BASO-WY for ATGL deficiency remains to be investigated, however we believe that this automatic detection of changes in leukocytes with an automated hematology analyzer may provide an earlier diagnostic clue for ATGL deficiency to clinicians, who encounter patients with neuromuscular and cardiovascular disorders, whose causes are unknown.

In order to increase information on the natural history and pathophysiology in NLSD/TGCV patients, we have started an international registry system on the web (<http://www.tgcv.org/r/home.html>).

4. Conclusions {#s0035}
==============

The BASO-WX and BASO-WY values obtained from automated hematology analyzer XE-5000 could help to detect Jordans\' anomaly. A notification system using an automated hematology analyzer may prompt the earlier and easier diagnosis of homozygous ATGL deficiency.
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![(A) A representative image of May-Giemsa staining of blood smears from ATGL-deficient patients. Lipid droplets in peripheral leucocytes known as Jordans\' anomaly were found in the neutrophils from all the ATGL-deficient patients. (B) Typical BASO scattergrams of control\'s blood (left) or homozygote\'s blood (right). Horizontal (X) and vertical (Y) axes indicate side and forward scattered light intensity, respectively. Colors indicate basophils (white dots), degenerated white blood cells (pale blue dots), and the other small particles (blue dots, white arrow). In these samples, BASO-WX and BASO-WY values are 79.5 and 60.3 (left, healthy), or 362.9 and 139.5 (right, patients), respectively. (C) Scatter plot of BASO-WX and BASO-WY. BASO-WX/BASO-WY values for ATGL-deficient patients (●), heterozygous ATGL carriers (○), controls (X). BASO-WX/BASO-WY values for ATGL-deficient patients were significantly higher than in other groups in Welch\'s *t*-test.](gr1){#f0005}

###### 

Backgrounds of four adipose triglyceride lipase-deficient patients.

  ---------------------------------------------------------------------------------------------------------------------------------------------------
  Case   Sex   Gene mutations   Reference   Present age   Cardiac function   Skeletal myopathy   Age at diagnosis[a](#tf0005){ref-type="table-fn"}\
                                                                                                 (Jordan\'s anomaly)
  ------ ----- ---------------- ----------- ------------- ------------------ ------------------- ----------------------------------------------------
  1      M     c.865C\>T        6           50            NYHA4              Mild                41

  2      M     c.696+1G\>C      8           47            NYHA4              Mild                33

  3      F     477_478dupCTCC   4           45            NYHA1              Severe              31

  4      M     c.576delC        11          60            NYHA3              Mild                58
  ---------------------------------------------------------------------------------------------------------------------------------------------------

All patients showed Jordans\' anomaly in their blood smears at the diagnoses.
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